ABSTRACT Component A, the oxygen-sensitive protein fraction of the methyl coenzyme M methylreductase system of Methanobacterium themoautotrophicum, has been stabilized and resolved into three protein fractions and one cofactor that are required to reconstitute component A activity. Component Al is oxygen-stable and contains hydrogen-dependent deazaflavin (coenzyme F4a)-reducing activity. Component A2 is acidic; components A2 and A3 are oxygen sensitive. The specific functions of each component in methyl group reduction are unknown. Resolution of component A revealed a new cofactor requirement of the methylreductase system for FAD. Hydrogen-dependent reduction of methyl coenzyme M to methane and coenzyme M, the terminal step of CO2 reduction by methanogenic bacteria, requires protein components Al, A2, A3, and C in addition to component B, FAD, ATP, and Mg2+.
Study of methanogenesis has been inhibited by the extreme and irreversible toxic response of methanogenic cells and extracts to oxygen. In recent years, cultivation of these anaerobes has been facilitated by development of specialized culture techniques that involve use of a pressurized atmosphere of H2 and CO2 (1) . Fractionation of cell extracts from methanogens remains a challenge not only for separation of active enzyme fractions but also for maintenance of these fractions in an active state during storage.
A significant technical advance in the fractionation of extracts from methanogens was used by Gunsalus and Wolfe (2) to resolve the terminal reaction in methanogenesis, the 2-(methylthio)ethanesulfonate (CH3-S-CoM) methylreductase system, into three fractions-components A, B, and C. Component C has been the most thoroughly studied component. This oxygenstable protein was purified to homogeneity (3) . The yellow chromophore of the protein was shown to be factor F4w, the nickel-containing compound found in extracts of methanogens (4) and now known to be a nickel tetrapyrrole (5) . Recently, coenzyme M has been found to be associated with isolated factor F4w (6) . This discovery as well as previous observations (7) indicate that component C is likely to be the site of methyl group reduction. The oxygen-labile component B has been purified in small amounts to homogeneity (8) , but its structure and function are unknown. Component A was known to be oxygen labile and to contain hydrogenase (2) .
Here we report the resolution of component A into three protein fractions and one cofactor (Al, A2, and A3 and FAD), each of which is required in the reconstituted system for hydrogen-dependent reduction of the methyl group of CH3-S-CoM to methane.
MATERIALS AND METHODS
Growth of Cells and Preparation of Extracts. Methanobacterium thernoautotrophicum strain AH (ATCC 29096) was grown and extracts were prepared as described (2, 9) . To prepare boiled cell-free extract (BCFE), a slurry [1 g of cells per 1.5 ml of 0.1 M N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (Tes) buffer at pH 7.0] was exposed to a stream of N2 in a boiling water bath for 45 min. The cooled extract was decanted under N2 into a steel centrifuge bottle, capped tightly, and centrifuged at 48,000 X g for 20 min. The anoxic supernatant solution was stored at -20'C in serum bottles under a positive pressure of H2.
Other Components. Crude component B was obtained from BCFE. Extract from 1,046 g (wet weight) of cells was applied to a column of DEAE-Sephadex A25 (2.5 X 90 cm) equilibrated in 0.2 M NH4HCO3 at 0C. A 0.2-1.0 M gradient of NH4HCO3 was applied. Component B-containing fractions were lyophilized and resuspended in water; the lyophilization cycle was repeated three times to remove much of the ammonium bicarbonate. The pool was further purified, desalted, and made anoxic by chromatography on a Sephadex G-10 column (2.5 X 90 cm) equilibrated in anoxic 1 mM dithiothreitol. Fractions were collected in the anaerobic chamber, pooled, again lyophilized, redissolved in anoxic water, and stored under a N2 at -200C.
Reduced factor F420 (dihydro-F420) was prepared by reduction with a 5-fold excess of NaBH4 (10); the reduction was monitored by use of the absorbance of the deazaflavin at 401 nm (11) . Unreacted NaBH4 was inactivated by the addition of excess acetone. Dihydro-F420 was used both in the crude state and after being desalted. Chromatography on Bio-Gel P-2 did not separate dihydro-F42o from the salt, unlike the separation described for other deazaflavins (10); however, Sephadex G-10 chromatography was successful.
FADH2 was prepared by catalytic reduction with H2 and platinum oxide.
Assay of the CH3-S-CoM Methylreductase System. Each reaction was followed in a calibrated vial as described (2 Chromatography Methods. DEAE-cellulose (Whatman DE-52), TEAE-cellulose (Cellex T), Bio-Gel A-1.5m agarose and Bio-Gel P-2 (Bio-Rad), phenyl-Sepharose CL-4B (Sigma), and Sephadex G-10 and DEAE-Sephadex A-25 (Pharmacia) were precycled as described by the manufacturer. Agarose A-1.5m and buffer were pretreated with 0.01% diethylpyrocarbonate to minimize bacterial growth and then allowed to stand for 24 hr before use. Unless otherwise stated, chromatography was performed at room temperature under anaerobic conditions as described (12) . Resolution of the CH3-S-CoM methylreductase system on DEAE-cellulose was performed as described (2) (Fig. 2) . A peak of hydrogenase activity as measured by methylviologen (MV) reduction was found that did not correlate with component A. In the concentrated pools, fractions 9-14 contained 100% of hydrogenase activity and 12% of component A activity, whereas fractions 15-20, 21-29, and 38-44 contained neither component A nor hydrogenase.
Additional evidence for a multicomponent A fraction was obtained when DEAE-cellulose component A was chromatographed on TEAE-cellulose (Fig. 3) . When the pass-through fraction that contained only negligible activity was used to assay fractions eluted with salt, a peak (A2) was found. Similarly, when an aliquot of A2 was used to assay the pass-through fraction, a peak (A1-A3) was obtained that showed significantly higher activity than when the peak was assayed alone. Thus, two peaks were obtained which were essential for reconstitution of the CH3-S-CoM methylreductase reaction. The dependence of the reconstituted reaction on the two components A1-A3 and A2 is shown in Fig. 4 . The rate of CH4 formation from CH3-S-CoM was proportional to the amount of each of these fractions assayed. The presence of background A2 activity in pooled Al-A3 is shown by the activity in the absence of added A2. This background could be removed by further purification. Pooled fractions 3-12 ( Fig. 3) contained 95% of the applied A1-A3 activity and 28% of the A2 activity. Fractions 58 to 68 contained 2% of the A1-A3 activity, and about 27% of the A2 activity. In this experiment, 27% of the A2 activity was lost when fractions 58-68 were concentrated, although this loss was not usually ob- When component Al-A3 was chromatographed on phenylSepharose, large losses of activity in the reconstitution assay were experienced. However, when eluted fractions were combined, the recovery of activity was high. The profile of an optimized, preparative-scale phenyl-Sepharose column is illustrated in Fig. 5 . The small peak of activity in fractions 86-95 assayed individually (open circles) was stimulated significantly (solid circles) by addition of protein from fractions 31-41. Fractions 31-41 showed significant activity (solid squares) when protein from fractions 86-95 was added. Fractions 86-95 and 31-41 (defined as Al and A3, respectively) were assayed in reconstitution reactions together with A2 and C. As shown in Fig.  6 Lower, the rate of CH4 formation is proportional to the amount of A3 added. The recovery of A3 activity in these fractions was 35%. Background A3 in Al was a result of the incomplete resolution of the activities in these fractions. The absolute dependence upon component Al is shown in Fig. 6 Upper; no reaction occurred in its absence, but 450 ng was sufficient to saturate CH3-S-CoM reduction in the assay (in other experiments, 130 ng of Al saturated the system). Component Al was stable on storage and was stable to oxygen when cells were broken aerobically. Component A3 was less stable at 00C under H2 and was inactivated by oxygen.
Definition of Cofactor Requirements. BCFE of methanogens has been used routinely as a source of typical and atypical cofactors for enzyme assays; standard BCFE saturated the methylreductase reaction at about 50 jul. Replacement of BCFE by known factors has now been accomplished. Although addition of F420 at 25 AM stimulated the reaction 30% in some but not all preparations, the system has not been resolved to show an absolute requirement for F420. Addition of cyanocobalamin caused a dramatic stimulation of the CH3-S-CoM methylreductase system (14) . This stimulation may not be of physiological significance; however, in the assay system with resolved components A1-A3 and A2, addition of 25 AM cyanocobalamin produced an 11-fold stimulation over the rate found when component B was added alone. When resolved components Al, A2, and A3 were used in the reaction mixture, a factor present in BCFE was required for methane formation in addition to component B. FAD substituted for the unknown factor (Fig. 7) ; the Biochemistry: Nagle and Wolfe 1 .
to have hydrogenase activity, we avoided purification on this basis because hydrogenases have been known to lose physiological specificity when purified with artificial dye reduction as an assay. Doddema (15) found that hydrogenase from M. thermoautotrophicum was stimulated by nickel ions, was highly unstable, and only reduced synthetic dyes, not physiological substrates. Graf and Thauer (16) showed that a partially purified hydrogenase from the same organism contained nickel but reduced only synthetic substrates. McKellar and Sprott (17) studied an oxygen-stable hydrogenase of high molecular weight from a Methanobacterium species; upon reduction it reduced only synthetic substrates. Fractionation of a hydrogenase from Methanococcus vanniellii by use of the natural electron carrier F420 yielded a protein that contained selenocysteine (18) . Jacobson et al. (19) have described an F420-reducing hydrogenase from M. thermoautotrophicum. Although the enzyme was purified aerobically, it could be activated anaerobically; nickel and FAD were found in this hydrogenase preparation.
Our strategy was to fractionate the proteins of component A solely on the basis of their ability to reconstitute the CH3-S-CoM methylreductase reaction with hydrogen as the electron donor. This was a laborious process that involved not only detection of each component by cross-titration of fractions in the enzymic assay but also resolution and stabilization of each component in an active state so that meaningful assays could be carried out over a period of time as new batches were prepared and new facts were discovered. Of the three protein fractions identified, component Al is required at very low levels compared to components A2, A3, and C. Most of the F420 reductase recovered was found in Al. This fraction may be similar to the F420-reducing hydrogenase studied by Jacobson et al. (19) . Component A2 is an acidic protein that is amenable to purification and is approaching homogeneity. Least is known about component A3; it exhibits extreme sensitivity to oxygen.
Resolution of component A 41so has revealed a new cofactor requirement, but nature ofit was not immediately obvious. The cofactor was found in boiled extracts of the methanogen and of Escherichia coli. A wide variety of metals and known cofactors were tested before the factor was identified as FAD. The amounts of FAD in methanogens appear to be trivial compared to those of the deazaflavin F420. Lancaster (20) reported FAD in M.
bryantii, and Jacobson et al. (19) found FAD to be associated with hydrogenase, 2 mol of FAD per mol of enzyme. It is possible that the FAD resolution may involve this protein. When both FADH2 and dihydro-F4w were used as a source of electrons, these compounds did not replace Al, A2, or A3, nor did they substitute for H2. Although dihydro-F40 may serve as a source of electrons for the CH3-S-CoM methylreductase reaction (7), an absolute requirement for this cofactor has not been demonstrated. Perhaps the reduced form is closely associated with one of the fractions and does not dissociate upon anaerobic fractionation of protein, a property previously noted (21) .
We view resolution of component A into three protein fractions and one cofactor as a significant advance in progress toward an understanding of the CH3-S-CoM methylreductase reaction and its role in the reduction of carbon dioxide to methane. Purification of these proteins to homogeneity and definition of the role of each represent immediate challenges.
